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Abstract: Piezoelectrics have widespread use in today's sensor and actuator technologies. 
However, most commercially available piezoelectric materials, e.g., Pb [Zr x Tii_ x ] O3 
(PZT), are comprised of more than 60 weight percent lead (Pb). Due to its harmful effects, 
there is a strong impetus to identify new lead- free replacement materials with comparable 
properties to those of PZT. This review highlights recent developments in several lead- free 
piezoelectric materials including BaTi03, Nao.sBio.sTiOs, Ko.sBio.sTiOs, Nao.sKo.sNbOs, 
and their solid solutions. The factors that contribute to strong piezoelectric behavior are 
described and a summary of the properties for the various systems is provided. 
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1. Introduction 

Piezoelectric materials are commonly used in sensor and actuator technologies due to their unique 
ability to couple electrical and mechanical displacements, i.e., to change electrical polarization in 
response to an applied mechanical stress or mechanically strain in response to an applied electric 
field [1]. Compared to other electromechanical transduction technologies, piezoelectric materials offer 
a high pressure per density ratio for actuator devices, high environmental and chemical stability, and 
capabilities of operating at high temperatures and frequencies. Applications of piezoelectric materials 
range from buzzers to diesel engine fuel injectors, sonar, ultrasound, and nanopositioners in 
scanning microscopes. 
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The most widely used piezoelectric ceramic is lead zirconate titanate (Pb [Zr x Tii_ x ] O3), or PZT. 
One critical disadvantage of PZT is that it contains more than 60 percent lead (Pb) by weight. This 
large lead content creates hazards during processing (lead volatilizes and is released into the 
atmosphere), limits applications (e.g., in vitro), and is potentially environmentally toxic during 
disposal. Over the past few years, regulatory agencies world-wide began putting strict restrictions on 
the use of lead, with the exception of the electronics industry due to the lack of a suitable replacement 
to PZT [23]. 

Suitable lead-free piezoelectric materials are still being developed as no single composition has 
been proposed with properties that are comparable to that of PZT. This review highlights some of the 
current advances in the development of lead-free piezoelectric materials with a focus on those 
exhibiting the perovskite structure. The remaining sections of the manuscript are broken down as 
follows. Sections 2 and 3 contain background information: the fundamentals of piezoelectricity are 
briefly reviewed in Section 2 and the importance of morphotropic phase boundaries is described in 
Section 3. Section 4 discusses developments in several different material systems that are based on one 
particular composition, e.g., BaTi03, Nao.5Bio. 5 Ti03, etc. Section 5 introduces research advances in 
solid solutions containing two of these compositions. Section 6 discusses the ternary solid solutions 
that exhibit useful properties. Many of the material compositions and properties that are discussed in 
each of the respective sections are also compiled in Table A. 1 of Appendix A. A brief summary of the 
paper is provided in Section 7. 

2. Fundamentals of Piezoelectricity 

The only crystallographic requirement for a material to exhibit piezoelectricity is that it must be 
non-centrosymmetric. Examples of non-centrosymmetric structures that are used in piezoelectric 
devices include aluminum nitride (A1N) and quartz. In many piezoelectric materials, a spontaneous 
polarization also exists due to the separation of negative and positive charge centers in the 
crystallographic unit cell. A characteristic example of a structure which exhibits a spontaneous 
polarization is the perovskite structure, ABO3. As the perovskite structure is cooled from the high 
temperature cubic phase (centrosymmetric), it can undergo several different phase transitions and 
eventually transform to tetragonal, rhombohedral, orthorhombic, or monoclinic structures at various 
phase transitions. The center atom (B) and the oxygen octahedron (O3) displace non-uniformly relative 
to the corner atom (A), resulting in a non-centrosymmetric structure. The temperature at which the 
structure transforms from the high-temperature cubic phase to the first structure exhibiting a 
spontaneous polarization coincides with the Curie temperature. When cooling a material through the 
Curie temperature, different regions of the material take on different crystallographic orientations of 
the lower symmetry crystal structure. These different regions are referred to as domains and the 
regions that separate different domains are referred to as domain walls. 

Ferroelectricity is the ability of a material to change its direction of spontaneous polarization in 
response to application of an electric field. The electric field required for this reorientation to occur is 
known as the coercive field and typically involves the motion of a ferroelectric domain wall. There is 
often a distribution of local coercive fields in a polycrystalline material since there may be 
compositional variations across a grain or different stress states of different grains. The 
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macroscopically observed coercive field (E c ) is the electric field required to obtain zero macroscopic 
polarization due to compensating positive and negative local polarization states. 

Upon cooling from the high processing temperatures required for ceramic materials, polycrystalline 
ceramics exhibit neither a net macroscopic spontaneous polarization nor piezoelectricity at the 
macroscopic length scale. This is because the structure is constituted of an equal number of all possible 
domain orientations, each with a spontaneous polarization oriented in different direction. Since the 
material contains many domains all oriented in different directions, the local areas of spontaneous 
polarization cancel each other and the material does not exhibit a net macroscopic polarization. For a 
polycrystalline material to exhibit piezoelectricity at the macroscopic length scale it must go through a 
poling process wherein an electric field is applied and the domains are aligned more closely parallel to 
the electric field direction. After poling, the material will have a net macroscopic polarization parallel 
to the direction of the poling field and will exhibit piezoelectricity at the macroscopic length scale. 

The converse piezoelectric effect describes the strain generated in a piezoelectric material in 
response to an applied electric field. This effect is written as: 

St = dtjEj (1) 

where St is the electric field induced strain, Ej is the applied electric field and dy is the piezoelectric 
coefficient. The piezoelectric coefficient is truly a third rank tensor, although is written in Equation (1) 
in reduced matrix notation by representing the mechanical strain as a 1 -dimensional matrix with 
elements / = 1, 2. . .6. The converse piezoelectric effect is exploited in actuator devices. 

For sensing applications, the direct piezoelectric effect describes a change in polarization due to an 
applied stress and is written as: 

A = dijGj (2) 

where A is the dielectric displacement and oj is the applied stress. 

In Equation (1) and (2), the coordinate axes are defined by the polarization of the sample and is 
assigned to the 3 -direction. When an electric field is applied parallel to the 3 -direction and strain is 
also measured in the 3 -direction, the piezoelectric coefficient of relevance is the longitudinal 
piezoelectric coefficient, d 33 \ 

S 3 = d 33 E 3 (3) 

The piezoelectric coefficients described by the direct and converse piezoelectric effects are 
mathematically equivalent. Therefore, the longitudinal piezoelectric coefficient described by the 
converse piezoelectric effect (Equation (3)) is equivalent to the longitudinal piezoelectric coefficient 
described by the direct piezoelectric effect: 

D 3 = d 33 a 3 (4) 

Another important property of a piezoelectric material is permittivity, which is related to how much 
electrical potential energy can be stored in a given volume of the material under the influence of an 
electric field. This is often maximized near phase transitions and its distribution with temperature is 
broad in relaxor ferroelectric materials. Often, the permittivity is reported relative to the permittivity of 
free space (s 33 T lso), also called the relative permittivity (s r ) or often the dielectric constant. Finally, the 
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electromechanical coupling factor (k p ) relates the electrical energy output to the total mechanical 
energy input or vice versa [4]. 

The properties of a piezoelectric material can be improved with small addition of substitutional 
impurities, or dopants, as previously exploited in designing the properties of PZT. Depending on the 
type of dopant and its position in the unit cell, the structure and properties of a material will change in 
different ways. In the case of PZT, for example, donor doping involves dopant ions which are more 
positive in valance than the ions they are replacing and this leads to a "soft" ferroelectric material 
behavior [5]. Some of the property changes associated with this type of doping are a decrease in the 
coercive field, increased dielectric constant, and an increased electromechanical coupling factor [5]. 
On the other hand, acceptor doping in PZT involves a dopant ion which is less positive in valance than 
the host ion and this leads to a "hard" ferroelectric material behavior [5]. Some of the characteristic 
changes attributed to this type of doping are a moderately lowered electrical resistivity, higher 
coercive field, and a relatively lower dielectric constant [5]. "Hard" PZT materials are also often more 
difficult to pole and depole. 

3. The Morphotropic Phase Boundary 

The extremely high piezoelectric response of PZT is partially attributed to the presence of a 
morphotropic phase boundary (MPB). The MPB describes the boundary that separates regions of 
different symmetries and can be crossed through a change in composition [6]. In 1954, Jaffe et ah 
found enhanced piezoelectric properties in a solid solution of lead zirconate (PZ) and lead titanate (PT) 
at -45 mol% PT [7]. They attributed these enhanced properties to the MPB between rhombohedral and 
tetragonal PZT at that concentration (Figure 1). 

Figure 1. Morphotropic phase boundary in PZT, reproduced from Jaffe et ah [8]. 
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Recent experimental work by Noheda et al has suggested that a monoclinic phase exists at 
compositions very near the MPB [9], initiating a significant number of experimental and theoretical 
works to either support or refute this claim. To date, there is still controversy in the field as to the 
nature of the MPB in PZT. A few good reviews on this subject can be found in reference [10,11]. 
Nevertheless, the presence of an MPB is considered a necessary component of a lead- free replacement 
material because of the enhancement in properties observed in compositions near MPBs. 

4. One Component Systems 

Useful lead-free materials are often binary or ternary solid solutions. Before discussing these more 
complex material systems in Sections 5 and 6, this section introduces and discusses the respective end 
member compositions. 

4.1. Barium Titanate — BaTiOs (BT) 

Barium titanate was one of the first useful piezoelectric materials, developed in the 1940s 
and 1950s [8,12,13]. Although this material does not have a very high piezoelectric constant, it has a 
very high permittivity, making it a good material for capacitors [14]. BT is often used in solid solution 
with other lead-free compounds to form an MPB which can enhance the piezoelectric and dielectric 
properties. BT exhibits a relatively low Curie temperature, however, and therefore has not seen many 
developments in recent years for applications in piezoelectric devices. 

The low Curie temperature of BT results from the tetragonal to paraelectric cubic phase transition 
at 120 °C [15]. BT undergoes several additional structural phase transitions upon decreasing 
temperature, as illustrated in Figure 2 (top). Each of these temperature-dependent phase transitions is 
referred to as a polymorphic phase transition (PPT), in contrast to the MPB which is 
composition-dependent. More recent studies by Wada et al. on single crystal BT found that these 
phase transitions can also be induced by applied electric field [16]. They found that the room 
temperature structure can change from tetragonal to monoclinic under an applied electric field 
amplitude of 10 kV/cm and then subsequently to rhombohedral at an amplitude of 30 kV/cm [16]. 

Recent developments in BT materials have reported extraordinary non-piezoelectric properties 
including piezoresistivity [17], colossal permittivity up to ~10 6 in carefully prepared nanocrystalline 
ceramics [18], and very large reversible strain up to -0.8% due to defect-mediated domain 
switching [19]. BT also continues to serve as a model system for more fundamental investigations, 
as in reference [20,21]. 

4.2. Sodium Bismuth Titanate — Nao.5Bio.5TiO 3 (NBT) 

This material system, like several other lead- free materials, was first reported in the 1960s by 
Smolenskii et al. [22] but did not receive much attention until the recent surge in lead-free material 
development in the past two decades. Some of the initial dielectric and optical property measurements 
of NBT were reported in the 1990s by various sources [23-25]. Preliminary structural studies of NBT 
did not provide a definitive structural understanding [26,27], but in 2002 Jones and Thomas found that 
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it expresses the rhombohedral R3c space group at room temperature and changes to tetragonal and 
subsequently cubic during heating [28]. NBT is a promising material due to its high Curie temperature 
of 325 °C, and a piezoelectric constant of 73 pC/N, similar to that of BT [29]. A schematic of the NBT 
structure above its Curie temperature is shown in Figure 3. 

Some of the main drawbacks of this material are that it has a high coercive field and high 
conductivity. The issue of high conductivity was attributed to volatilization of Bi ions during 
sintering [29]. To address this issue, Hiruma et al. found an increased resistivity with the addition of 
excess bismuth [29]. NBT also exhibits a low depolarization temperature of 187 °C, far lower than its 
Curie point, limiting its use at elevated temperatures [29]. Some literature attributes this depolarization 
to the presence of an intermediate antiferroelectric phase [30,31], but other works claim that the 
intermediate phase is not fully antiferroelectric [29], leaving this question unresolved. 



Figure 2. Polymorphic phase transitions in barium titanate single crystals observed 
through changes in the unit cell parameters [32], spontaneous polarization [33], and 
dielectric constant [15], reproduced from the respective sources. 
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Figure 3. Schematic of the pseudo-cubic NBT perovskite structure. The structure 
illustrated is locally ordered on the A-site (Bi, Na), although the extent of ordering is not 
well known. The oxygen atoms are not shown for clarity and their positions are instead 
represented by the oxygen octahedra. 
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Different dopants can be added to NBT to combat some of its drawbacks, such as to decrease 
coercive field or increase the piezoelectric constant. When considering dopants for NBT, it is 
important to recognize that it differs from PZT in several ways. While PZT has complex ions on the 
B-site (Ti 4+ and Zr 4+ ), NBT has a mixture of Bi 3+ and Na + ions on the A-site. While PZT is therefore 
mainly B-site active, substitution in NBT is more effective on the A-site [34]. Many different studies 
have been done to test the impact of various dopants on NBT, some of which are tabulated in Table 
A.l [35-38]. For example, an exceptional change was observed by Xiao et al. with the use of Li + and 
K + co-doping on the Na + site [34,38]. Xiao et al. were able to increase the piezoelectric and coupling 
coefficients of NBT to 146 pC/N and 36%, respectively, and reduce the coercive field 
to 3.7 kV/mm while maintaining a high depolarization temperature to produce a lead- free middle 
frequency filter which performed comparable to a Pb-based one [34,38]. 

4.3. Potassium Bismuth Titanate — Ko.5Bio.5TiO 3 (KBT) 

Similar to NBT, KBT was also first reported by Smolenskii et al. in the 1960s [22]. KBT is unique 
from NBT, however, in that it is tetragonal at room temperature (whereas NBT is rhombohedral) and 
does not depolarize until 270 °C [39] (NBT depolarizes at 187 °C). The polarization hysteresis 
behavior of KBT measured at several temperatures is displayed in Figure 4, showing that a hysteresis 
loop is observed even at temperatures as high as 260 °C [39]. As expected, the coercive field also 
gradually decreases with an increase in temperature, as does the remnant polarization. One of the main 
challenges of this system is that it is difficult to produce dense ceramics using ordinary firing methods. 
This low density makes the materials difficult to fully pole. Density can be improved through the use 
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of sintering aids. For example, Hiruma et al. found that processing of KBT with excess bismuth oxide 
improved the piezoelectric and ferroelectric properties of the material (e.g., d33 = 101 pC/N) because 
Bi203 acts as a sintering aid and prevents the formation of micro-cracks [40]. 

Figure 4. Polarization of KBT measured at temperatures of (a) 100 °C, (b) 200 °C, 
(c) 240 °C, and (d) 260 °C, reproduced from Hiruma et al. [39]. 
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4.4. Sodium Potassium Niobate — Ko.5Nao.5NbO 3 (KNN) 



KNN is unique from the bismuth-based NBT and KBT compositions in that it is a specific 
composition (50/50) on a complete solid solution of NaNb03 and KNb03. This composition is at the 
MPB between two orthorhombic phases where KNb03 is ferroelectric (FE) and NaNb03 is 
antiferroelectric (AFE) [41,42], similar to the MPB observed in PZT. The structure of the material at 
the 50/50 composition is orthorhombic [43]. The piezoelectric coefficient of KNN is higher than that 
of undoped NBT or KBT [43], but not when processed through traditional processing methods [42]. 
Not only is the material difficult to sinter using ordinary conditions, but also the reactant powders 
require special care [44]. Dense ceramics with a high piezoelectric constant of 148 pC/N were 
achieved by Li et al. using advanced processing methods [43] compared to a piezoelectric constant of 
90 pC/N for undoped KNN prepared using conventional methods [45]. 

The processing issues of KNN did not make it an attractive contender for a PZT replacement, but 
the recent work of Saito et al. [3] promoted much research on this system. Saito et al. found that 
extremely high piezoelectric properties can be achieved relative to typical actuator-grade PZT 
compounds by combining the addition of several dopants with crystallographic texturing [3]. 
Following the publication of that paper, a great deal of literature on doping effects in KNN has been 
published. With the addition of dopants such as lithium, tantalum, and antimony, high density samples 
of KNN have been produced using traditional sintering. In some cases, the dopants are also used to 
improve the piezoelectric properties by decreasing the orthorhombic to tetragonal PPT to room 
temperature [44,46,47]. The aim of combining a material composition which contains the natural MPB 
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at the 50:50 Na:K ratio with a PPT that is lowered to room temperature through the use of dopants is 
that the properties will be enhanced. Measurements of the dielectric constant with respect to 
temperature in Figure 5 show a peak at the PPT from orthorhombic to tetragonal, analogous to the 
behavior seen in BT in Figure 2. As certain dopants are added to decrease this temperature, the peak 
shifts down and eventually vanishes [45]. This is beneficial because an increase in the dielectric 
constant is correlated to an increase in the piezoelectric constant through the equation: 

dy ~ 2Q iJ £ r 6 0 P i (5) 

where dy is the piezoelectric coefficient, Qy is the electrostriction coefficient, s r is the relative 
permittivity, s Q is the permittivity of free space, and Pi is the polarization [48]. 

Figure 5. Dielectric constant of [Li x (Nao.5K 0 .5)i- x ]Nb03 measured as a function of 
temperature for several Li concentrations, reproduced from Guo et al. [45]. 
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4.5. Bismuth Ferrite—BiFe0 3 (BFO) 

Another intriguing system currently under study is bismuth ferrite. BFO is a unique lead-free 
candidate in that it is both ferroelectric and ferromagnetic. The structure, which has a bulk 
rhombohedral symmetry at room temperature, has spontaneous polarization mostly due to the bismuth 
on its A-site and magnetization due to the iron on the B-site [49]. Contrary to the bulk rhombohedral 
structure, BFO thin films have a monoclinic crystal structure [50]. A schematic of the structure, 
reproduced from Chu et al. in Figure 6, illustrates the spontaneous polarization direction as well as the 
planes of antiferromagnetic ordering [51]. Due to the co-existence of ferroelectricity and 
anti-ferromagnetism in this structure, a magnetic field can be used to change the orientation of the 
ferroelectric domains or, vice versa, an electric field can be used to change the ferromagnetic 
orientation [51]. 
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Figure 6. Schematic of the crystal structure of BFO, showing the direction of spontaneous 
polarization (P s ) as well as the antiferromagnetic ordering (displayed in the grey plane), 
reproduced from Chu et ah [51]. 




In thin film studies, Wang et ah found that BFO has promising properties, with a remnant 
polarization of 50-60 |LiC/cm and a piezoelectric coefficient of 70 pm/V [50]. Fujino et ah attempted 
to further improve on these properties through doping with samarium and found an MPB at 14 mol% 
Sm between FE rhombohedral and AFE pseudo-orthorhombic structures [52]. This composition led to 
a decrease in the coercive field as well as an increase in the piezoelectric constant (110 pm/V) [52]. 
Developments in BFO have also extended to single crystals, where an extremely large spontaneous 
polarization of 100 |uC/cm 2 in the [001] direction was reported for highly pure single crystals [53]. 
Although recent work with BFO has shown great potential for its use, there are still many unanswered 
questions about its behavior, such as the lack in understanding of the BFO phase diagram and 
switching processes [49]. 

5. Binary Systems 

For some of the lead-free systems described above, the piezoelectric properties are enhanced 
through the use of dopants. As mentioned previously, however, another useful method for the 
enhancement of properties is the selection of a composition near an MPB in a solid solution. This 
section discusses the structure and properties of several lead-free binary solid solution material 
compositions. 

5.7. NBT-KBT 

A solid solution of NBT - KBT forms an MPB between rhombohedral (NBT-rich) and tetragonal 
(KBT-rich) structures in the region of 16-22 mol% KBT [54,55]. Compositions near the MPB show an 
improvement in certain properties such as the piezoelectric constant, dielectric constant, and the 
coupling factor, many of which are summarized in Table A.l [54]. Figure 7 shows an example of the 
change seen in the coupling factor as a function of composition in the NBT-KBT solid solution. 

Since this solid solution contains several elements that volatilize easily, such as K, Na, and Bi, the 
sintering conditions used play a large role in the final piezoelectric properties achieved in these 
materials [55]. For example, Zhang et ah found that with a change of only 40 °C in the sintering 



Sensors 2010, 10 



1945 



temperature of an NBT-KBT solid solution at the MPB, the piezoelectric constant increased from 155 
to 192 pC/N [55]. 

Figure 7. Electromechanical coupling factor of [Bio.5(Nai_ x K x )o.5] TiC>3 as a function of 
KBT concentration (x), reproduced from Sasaki et al. [54]. 
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5.2. NBT-KNN 



In the case of a combination of NBT with KNN, several different MPBs have been reported. In an 
NBT-rich system, Kounga et al. reported an MPB at 6-7 mol% KNN between a rhombohedral FE 
phase (NBT-rich) and a tetragonal AFE phase [56]. Although the addition of KNN made the material 
more antiferroelectric in its behavior, it also led to a much higher unipolar strain [56]. On the contrary, 
with a KNN rich solution, an MPB was reported at 2-3% NBT between ferroelectric orthorhombic and 
tetragonal phases [57]. This composition leads to a high piezoelectric constant of 195 pC/N and 
electromechanical coupling factor of 43% [57]. 



5.3. NBT-BT 



BT has also been combined in a solid solution with NBT, in which case an MPB is found 
at 6-7 moP/o BT between the NBT-rich rhombohedral and BT-rich tetragonal phases [58]. At this 
composition, the system exhibits improved properties relative to NBT, such as the piezoelectric 
constant (d 33 = 125 pC/N), coupling factor (k p = 20%), and dielectric constant (s r = 580). NBT-BT 
compositions near the MPB also exhibit high bending strength (e.g., 200 MPa), which is 2-3 times that 
of PZT based materials [58]. One of the drawbacks of this system is the temperature dependence of the 
properties. As shown below in Figure 8, the MPB in NBT-BT is not linear with temperature, but rather 
has a curved shape [58]. It can be observed that the FE to AFE transition temperature decreases as the 
concentration of BT increases [58]. The behavior seen in the phase diagram was confirmed in more 
recent work by Hiruma et al. through electrical measurements, such as the temperature dependence of 
the dielectric constant and loss tangent, of various compositions of NBT-BT [59]. Daniels et al. found 
that compositions near the MPB exhibit electric field induced phase transitions from rhombohedral to 
tetragonal [60], similar to the electric-field-induced phase transitions mentioned earlier for BT. This 
behavior results in a strong orientation of the ferroelectric and ferroelastic domain orientations relative 
to the electric field direction in the material [60]. 
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Figure 8. Phase diagram of NBT-BT showing the MPB between the ferroelectric 
rhomboheral phase and the ferroelectric tetragonal phase, reproduced from 
Takenaka et al. [58]. 
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5.4. NBT-BFO 

NBT was also combined with BFO by Nagata et al, showing an increase in the Curie temperature 
(T c = 340 °C) and the electromechanical coupling factor (k p = 33.6%) [61] compared to undoped NBT 
(T c = 325 °C, k p = 16.8%) [29]. However, in this case, the structure remains a single rhombohedral 
phase with no MPB [61]. A change from the NBT system is observed at high temperatures of 200 °C, 
where the binary solution does not show the FE to AFE transition found in NBT [61]. 



As mentioned previously, a major drawback of KBT is the difficulty in synthesizing dense ceramics 
using conventional processing methods. When KBT is in a solid solution with BT, the density of the 
material is improved [62]. With the addition of 10 mol% BT, dense textured materials were formed 
using ordinary sintering methods [62]. The properties for this system (e.g., d33 = 85 pC/N) [62] were 
comparable to those reported for KBT obtained through more advanced processing methods 
(d 33 = 70 pC/N) [39]. 

5.6. KNN-BT 

The addition of BT to KNN also aids in the densification of KNN-based materials, and Ahn et al. 
found improved piezoelectric properties for this system by comparing different sintering conditions 
of 0.95KNN-0.05BT [63]. Guo et al. reported an MPB in this system at ~6 mol % BT and another 
transition to a cubic phase at 20 mol % BT [64]. KNN-BT systems were also prepared with Li doping, 
the results of which showed that higher piezoelectric coefficients were found at MPB compositions 
which were tetragonal-rich [65]. Table A.l lists the properties of two KNN-BT systems, 0.95 KNN-0.05 BT 
and Li doped 0.90 KNN-0.10 BT, and both cases yield a piezoelectric constant above 200 pC/N [63,65]. 



5.5. KBT-BT 
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6. Ternary Systems 

As the binary systems described above still have many drawbacks and are not capable of replacing 
PZT in all of its applications, new lead-free compositions have become even more complex through 
the use of ternary solid solutions. Since the various end members described in Section 4 exhibit the 
perovskite structure, their combination is mostly expected to form solid solutions. Ternary systems 
also allow for more degrees of freedom in identifying compositions with enhanced properties. 

Several reports have been published by Zhang et al for the NBT-BT-KNN ternary system [66,67]. 
The MPB in this system is between FE and AFE phases, where compositions such 
as 0.94 NBT-0.05 BT-0.01 KNN, 0.93 NBT-0.05 BT-0.02 KNN, 0.92 NBT-0.05 BT-0.03 KNN, 
and 0.93 NBT-0.06 BT-0.01 KNN show FE behavior, while 0.92 NBT-0.06 BT-0.02 KNN, 0.91 
NBT-0.06 BT-0.03 KNN, 0.92 NBT-0.07 BT-0.01 KNN, 0.91 NBT-0.07 BT-0.02 KNN, and 0.90 
NBT-0.07 BT-0.03 KNN show AFE behavior [66]. The ternary solid solution of 0.92 NBT-0.06 
BT-0.02 KNN had the largest strain ever reported for a polycrystalline lead- free ceramic, -0.45% [66]. 
Further temperature dependent studies of the material found that this large strain comes from an 
electric-field- induced phase transition from FE to AFE rather than piezoelectric lattice distortion [67]. 
Temperature dependent strain and polarization loops of the MPB composition show that at higher 
temperatures the polarization loops begin to express AFE behavior as the strain loops display 
unusually large strain, shown in Figure 9 [67]. 

Figure 9. Polarization (a) and strain (b) loops of 0.93 NBT-0.05 BT-0.02 KNN ceramics at 
several temperatures, reproduced from Zhang et al [67]. 
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Studies of another ternary mixture, NBT-KBT-BT, at MPB compositions show that there is a 
trade-off between piezoelectric properties and depolarization temperature [68,69]. Generally, materials 
with higher piezoelectric properties exhibit lower depolarization temperatures. Wang et al attempted 
to break this trend by finding the optimal amount of KBT to increase properties without the reduced 
depolarization temperature [70]. They found that the addition of ~5 mol% KBT to a 0.95NBT-0.05BT 
mixture enhanced the piezoelectric coefficient (d33 = 148 pC/N) without having a strong impact on the 
depolarization temperature [70]. Recently a solid solution of NBT-KBT-KNN was examined by Yao et al 
and an MPB was found for (Bii/2Nai/2)i-x(Bii/2Ki/2)xTi03- 0.03 (Nao. 5 Ko. 5 ) Nb0 3 at x = 0.20- 0.24 [71]. 
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At a composition of x = 0.22, improved piezoelectric properties are found with a relatively high Curie 
temperature (d 33 = 167 pC/N, T c = 340 °C), showing a high potential for these compositions [71]. 

7. Summary 

Over the past few years there have been many developments in the field of lead- free piezoelectric 
materials. Several material systems have been explored, some of which show properties comparable to 
PZT. However, there is still no single system that is as versatile in its applications as PZT. BT is 
historically significant and will continue to be a fundamental system of investigation, but it does not 
have properties comparable to PZT and is especially limited by its low Curie temperature 
of 120 °C. NBT has a higher Curie temperature, but lacks high enough piezoelectric properties and 
depolarizes below 200 °C. While KBT and KNN do not depolarize below their Curie points, they are 
difficult to process into dense ceramics using conventional sintering methods. The addition of dopants 
to KBT and KNN systems allows for easier processing of the materials. BFO is a unique material that 
has both ferroelectric and ferromagnetic properties. Recent developments show improvement in the 
piezoelectric properties for BFO thin films and single crystals. 

Solid solutions containing MPBs such as KNN-BT and NBT-BT-KNN show promise, particularly 
when coupled with substitutional doping or positioning of the PPT temperature. Ultimately, more 
complex solid solutions and doping schemes will have to be explored because these provide an 
increasing number of degrees of freedom for identifying extraordinary properties. The materials 
reviewed in this paper form a foundation for the search for improved lead-free materials and show 
great potential for the future. 

Acknowledgements 

This work was supported by the U.S. National Science Foundation (NSF) under award number 
DMR-0746902. J.L.J, acknowledges support from the U.S. Department of the Army under 
W911NF-09-1-0435. 

References and Notes 

1. Setter, N. ABC of piezoelectricity and piezoelectric materials. In Piezoelectric Materials in 
Devices', Setter, N., Ed.; Nava Setter: Lausanne, Switzerland, 2002; p. 518. 

2. Cross, E. Materials science-Lead- free at last. Nature 2004, 432, 24-25. 

3. Saito, Y.; Takao, H.; Tani, T.; Nonoyama, T.; Takatori, K.; Homma, T.; Nagaya, T.; Nakamura, M. 
Lead- free piezoceramics. Nature 2004, 432, 84-87. 

4. Haertling, G.H. Ferroelectric ceramics: history and technology. J. Amer. Ceram. Soc. 1999, 82, 
797-818. 

5. Viehland, D. Effect of uniaxial stress upon the electromechanical properties of various 
piezoelectric ceramics and single crystals. J. Amer. Ceram. Soc. 2006, 89, 775-785. 

6. Ahart, M.; Somayazulu, M.; Cohen, R.E.; Ganesh, P.; Dera, P.; Mao, H.K.; Hemley, R.J.; Ren, 
Y.; Liermann, P.; Wu, Z.G. Origin of morphotropic phase boundaries in ferroelectrics. Nature 
2008, 451, 545-U542. 



Sensors 2010, 10 



1949 



7. Jaffe, B.; Roth, R.S.; Marzullo, S. Piezoelectric properties of Lead Zirconate-Lead Titanate 
solid-solution ceramics. J. Appl. Phys. 1954, 25, 809-810. 

8. Jaffe, B.; Cook, W.R.; Jaffe, H. Piezoelectric Ceramics.; R.A.N. Publishers: Marietta, OH, USA, 
1971; p. 317. 

9. Noheda, B.; Cox, D.E.; Shirane, G.; Gonzalo, J.A.; Cross, L.E.; Park, S.E. A monoclinic 
ferroelectric phase in the Pb (Zri_ x Ti x ) 0 3 solid solution. Appl. Phys. Lett. 1999, 74, 2059-2061. 

10. Noheda, B.; Cox, D.E. Bridging phases at the morphotropic boundaries of lead oxide solid 
solutions. Phase Transit. 2006, 79, 5-20. 

11. Davis, M. Picturing the elephant: giant piezoelectric activity and the monoclinic phases of 
relaxor-ferroelectric single crystals. J. Electroceram. 2007, 19, 23-45. 

12. von Hippel, A. Ferroelectricity, Domain structure, and phase transitions of barium titanate. 
Reviews of Modern Physics. 1950, 22, 221-237. 

13. Rase, D.E.; Roy, R. Phase equilibria in the system Bao-Tio2. J. Amer. Ceram. Soc. 1955, 38, 
102-113. 

14. Berlincourt, D.; Jaffe, H. Elastic and piezoelectric coefficients of single-crystal barium titanate. 
Phys. Rev. 1958, 777, 143-148. 

15. Merz, W.J. The electric and optical behavior of Batio3 single-domain crystals. Phys. Rev. 1949, 
76, 1221-1225. 

16. Wada, S.; Suzuki, S.; Noma, T.; Suzuki, T.; Osada, M.; Kakihana, M.; Park, S.E.; Cross, L.E.; 
Shrout, T.R. Enhanced piezoelectric property of barium titanate single crystals with engineered 
domain configurations. Jpn. J. Appl. Phys. Pt. 1 1999, 38, 5505-5511. 

17. Capurso, J.S.; Schulze, W.A. Piezoresistivity in PTCR barium titanate ceramics: I, experimental 
findings. J. Amer. Ceram. Soc. 1998, 81, 337-346. 

18. Guillemet-Fritsch, S.; Valdez-Nava, Z.; Tenailleau, C; Lebey, T.; Durand, B.; Chane-Ching, J.Y. 
Colossal permittivity in ultrafme grain size BaTi03- x and Bao.95Lao.o5Ti03- x materials. Advan. 
Mater. 2008, 20, 551-555. 

19. Ren, X.B. Large electric-field- induced strain in ferroelectric crystals by point-defect-mediated 
reversible domain switching. Nat. Mater. 2004, 3, 91-94. 

20. Rogan, R.C.; Tamura, N.; Swift, G.A.; Ustundag, E. Direct measurement of triaxial strain fields 
around ferroelectric domains using X-ray microdiffraction. Nat. Mater. 2003, 2, 379-381. 

21. Zhang, L.X.; Erdem, E.; Ren, X.B.; Eichel, R.A. Reorientation of (MnTi"-VO") x defect dipoles 
in acceptor-modified BaTi03 single crystals: an electron paramagnetic resonance study. Appl. 
Phys. Lett. 2008, 93, 2002901-1-202901-3. 

22. Smolenskii, G.A.; Isupov, V.A.; Agranovskaya, A.I.; Krainik, N.N. New Ferroelectrics of 
Complex Composition. IV. Sov. Phys. -Solid State 1961, 2, 2651-2654. 

23. Suchanicz, J.; Ptak, W.S. On the phase-transition in Nao.sBio.sTiOs. Ferroelectrics Lett. Sect. 
1990, 12, 71-78. 

24. Suchanicz, J.; Jezowski, A.; Poprawski, R. Low-temperature thermal and dielectric properties of 
Nao. 5 Bio.5Ti0 3 . Phys. Status Solidi A-Appl. Res. 1998, 169, 209-215. 

25. Tu, C.S.; Siny, I.G.; Schmidt, V.H. Sequence of dielectric anomalies and high-temperature 
relaxation behavior in Na^Bii^TiCb. Phys. Rev. B 1994, 49, 1 1550-1 1559. 



Sensors 2010, 10 



1950 



26. Suchanicz, J.; Kwapulinski, J. X-ray diffraction study of the phase transitions in Nao.sBio.sTiC^. 
Ferroelectrics 1995, 165, 249-253. 

27. Isupov, V.A.; Kruzina, T.V. Some physical-properties of Nao.sBio.sTiOs ferroelectric. Izv. Akad. 
NaukSssrFiz. 1983, 47, 616-618. 

28. Jones, G.O.; Thomas, P.A. Investigation of the structure and phase transitions in the novel A-site 
substituted distorted perovskite compound NaosBiosTiC^. Acta Crystallogr. B-Struct. Sci. 2002, 
58, 168-178. 

29. Hiruma, Y.; Nagata, H.; Takenaka, T. Thermal depoling process and piezoelectric properties of 
bismuth sodium titanate ceramics. J. Appl Phys. 2009, 105, 0841 12. 

30. Aparna, M.; Rachavender, M.; Prasad, G.; Kumar, G.S. Electromechanical characterization of 
lanthanum-doped sodium bismuth titanate ceramics. Mod. Phys. Lett. B 2006, 20, 475-480. 

31. Sakata, K.; Masuda, Y. Ferroelectric and antiferroelectric properties of (Nao.sBio.s) Ti03-SrTi03 
solid-solution ceramics. Ferroelectrics 1974, 7, 347-349. 

32. Kay, H.F.; Vousden, P. Symmetry changes in barium titanate at low temperatures and their 
relation to its ferroelectric properties. Phil. Mag. 1949, 40, 1019-1040. 

33. Wieder, H.H. Electrical behavior of barium titanate single crystals at low temperatures. Phys. Rev. 
1955, 99, 1161-1165. 

34. Xiao, D.Q.; Lin, D.M.; Zhu, J.G.; Yu, P. Studies on new systems of BNT-based lead-free 
piezoelectric ceramics. J. Electroceram. 2008, 21, 34-38. 

35. Ge, W.W.; Liu, H.; Zhao, X.Y.; Zhong, W.Z.; Pan, X.M.; He, T.H.; Lin, D.; Xu, H.Q.; Jiang, 
X.P.; Luo, H.S. Growth, optical and electrical properties of pure and Mn-doped Nao.sBio.sTiOs 
lead-free piezoelectric crystals. J. Alloys Compounds 2008, 462, 256-261. 

36. Yi, J.Y.; Lee, J.K.; Hong, K.S. The role of cation vacancies on microstructure and piezoelectricity 
of lanthanum-substituted (Nai/2Bii/2) Ti03 ceramics. Jpn. J. Appl. Phys. Pt. 1 2004, 43, 6188- 
6192. 

37. Herabut, A.; Safari, A. Processing and electromechanical properties of (Bio.sNao.s) ((l-1.5x)) 
La x Ti0 3 ceramics. J. Amer. Ceram. Society 1997, 80, 2954-2958. 

38. Lin, D.M.; Xiao, D.Q.; Zhu, J.G.; Yu, P. Piezoelectric and ferroelectric properties of 
[Bio.5(Nai_ x _yK x Liy)o.5] Ti03 lead- free piezoelectric ceramics. Appl. Phys. Lett. 2006, 88, 062901. 

39. Hiruma, Y.; Aoyagi, R.; Nagata, H.; Takenaka, T. Ferroelectric and piezoelectric properties of 
(Bii/ 2 Ki/ 2 ) Ti0 3 ceramics. Jpn. J. Appl. Phys. Pt. 1 2005, 44, 5040-5044. 

40. Hiruma, Y.; Nagata, H.; Takenaka, T. Grain-size effect on electrical properties of (Bii/ 2 Ki/ 2 ) Ti03 
ceramics. Jpn. J. Appl. Phys. Pt. 1 2007, 46, 1081-1084. 

41. Ahtee, M.; Glazer, A.M. Lattice-parameters and tilted octahedra in sodium-potassium niobate 
solid-solutions. Acta Crystallogr. A 1976, 32, 434-446. 

42. Maeder, M.D.; Damjanovic, D.; Setter, N. Lead free piezoelectric materials. J. Electroceram. 
2004, 13, 385-392. 

43. Li, J.F.; Wang, K.; Zhang, B.P.; Zhang, L.M. Ferroelectric and piezoelectric properties of 
fine-grained Nao.sKo.sNbCb lead-free piezoelectric ceramics prepared by spark plasma sintering. J. 
Amer. Ceram. Soc. 2006, 89, 706-709. 

44. Hollenstein, E.; Davis, M.; Damjanovic, D.; Setter, N. Piezoelectric properties of Li- and 
Ta-modified (K 0 . 5 Na 0 .5) Nb0 3 ceramics. Appl. Phys. Lett. 2005, 87, 182905. 



Sensors 2010, 10 



1951 



45. Guo, Y.P.; Kakimoto, K.; Ohsato, H. Phase transitional behavior and piezoelectric properties of 
(Nao. 5 Ko. 5 ) Nb0 3 -LiNb0 3 ceramics. Appl Phys. Lett. 2004, 85, 4121-4123. 

46. Zang, G.Z.; Wang, J.F.; Chen, H C; Su, W.B.; Wang, CM.; Qi, P.; Ming, B.Q.; Du, J.; Zheng, 
L.M. Perovskite (Nao.5Ko.5)i-x(LiSb) x Nbi_ x 03 lead-free piezoceramics. Appl. Phys. Lett. 2006, 88, 
212908. 

47. Guo, Y.P.; Kakimoto, K.; Ohsato, H., (Nao.sKo.s) Nb03-LiTa03 lead-free piezoelectric ceramics. 
Materials Letters 2005, 59, 241-244. 

48. Shrout, T.R.; Zhang, S.J. Lead- free piezoelectric ceramics: Alternatives for PZT? J. Electroceram. 
2007, 19, 113-126. 

49. Catalan, G.; Scott, J.F. Physics and applications of bismuth ferrite. Advan. Mater. 2009, 21, 
2463-2485. 

50. Wang, J.; Neaton, J.B.; Zheng, H.; Nagarajan, V.; Ogale, S.B.; Liu, B.; Viehland, D.; 
Vaithyanathan, V.; Schlom, D.G.; Waghmare, U.V.; Spaldin, N.A.; Rabe, K.M.; Wuttig, M.; 
Ramesh, R. Epitaxial BiFe03 multiferroic thin film heterostructures. Science 2003, 299, 
1719-1722. 

51. Chu, Y.H.; Martin, L.W.; Holcomb, M.B.; Ramesh, R. Controlling magnetism with multiferroics. 
Mater. Today 2001, 10, 16-23. 

52. Fujino, S.; Murakami, M.; Anbusathaiah, V.; Lim, S.H.; Nagarajan, V.; Fennie, C.J.; Wuttig, M.; 
Salamanca-Riba, L.; Takeuchi, I. Combinatorial discovery of a lead- free morphotropic phase 
boundary in a thin-film piezoelectric perovskite. Appl. Phys. Lett. 2008, 92, 202904. 

53. Lebeugle, D.; Colson, D.; Forget, A.; Viret, M. Very large spontaneous electric polarization in 
BiFe03 single crystals at room temperature and its evolution under cycling fields. Appl. Phys. Lett. 
2007, 91, 022907. 

54. Sasaki, A.; Chiba, T.; Mamiya, Y.; Otsuki, E. Dielectric and piezoelectric properties of 
(Bio.sNao.s) Ti0 3 -(Bio.5Ko. 5 ) Ti0 3 systems. Jpn. J. Appl. Phys. Pt. 1 1999, 38, 5564-5567. 

55. Zhang, Y.R.; Li, J.F.; Zhang, B.P. Enhancing electrical properties in NBT-KBT lead-free 
piezoelectric ceramics by optimizing sintering temperature. J. Amer. Ceram. Soc. 2008, 91, 
2716-2719. 

56. Kounga, A.B.; Zhang, S.T.; Jo, W.; Granzow, T.; Rodel, J. Morphotropic phase boundary in 
(1-x) Bio.5Nao.5Ti03-xKo.5Nao.5Nb0 3 lead-free piezoceramics. Appl. Phys. Lett. 2008, 92, 222902. 

57. Zuo, R.Z.; Fang, X.S.; Ye, C. Phase structures and electrical properties of new lead-free 
(Nao.sKo.s) Nb0 3 -(Bio. 5 Nao.5) Ti0 3 ceramics. Appl. Phys. Lett. 2007, 90, 092904. 

58. Takenaka, T.; Maruyama, K.; Sakata, K., (Bii/2Nai/2) Ti03-BaTi03 System for Lead-Free 
Piezoelectric Ceramics. Jpn. J. Appl. Phys. Pt. 1 1991, 30, 2236-2239. 

59. Hiruma, Y.; Yoshi, K.; Nagata, H.; Takenaka, T. Investigation of phase ransition temperatures on 
(Bii/ 2 Nai/2) Ti03-(Bii/ 2 Kl/ 2 ) Ti03 and (Bii/ 2 Nai/2) Ti03-BaTi03 lead- free piezoelectric ceramics 
by electrical measurements. Ferroelectrics 2007, 246, 114-119. 

60. Daniels, J.E.; Jo, W.; Rodel, J.; Jones, J.L. Electric-field-induced phase transformation at a 
lead-free morphotropic phase boundary: case study in a 93% Bi 0 .5Nao.5Ti03-7% BaTi03 
piezoelectric ceramic. Appl. Phys. Lett. 2009, 95, 032904. 

61. Nagata, H.; Koizumi, N.; Takenaka, T. Lead- free piezoelectric ceramics of (Bii/2Nai/2) 
Ti0 3 -BiFe0 3 system. Key Eng. Mat. 1999, 169-170, 37-40. 



Sensors 2010, 10 



1952 



62. Nemoto, M.; Hiruma, Y.; Nagata, H.; Takenaka, T. Fabrication and piezoelectric properties of 
grain-oriented (Bii/ 2 Ki/ 2 ) Ti0 3 -BaTi0 3 ceramics. Jpn J. Appl. Phys. 2008, 47, 3829-3832. 

63. Ahn, C.W.; Park, H.Y.; Nahm, S.; Uchino, K.; Lee, H.G.; Lee, H.J. Structural variation and 
piezoelectric properties of 0.95(Nao.5K 0 .5)Nb03-0.05BaTi03 ceramics. Sensor. Actuator. A-Phys. 
2007, 136, 255-260. 

64. Guo, Y.P.; Kakimoto, K.; Ohsato, H. Structure and electrical properties of lead- free (Nao.sKo.s) 
Nb0 3 -BaTi0 3 ceramics. Jpn. J. Appl. Phys. Pt. 1 2004, 43, 6662-6666. 

65. Ahn, C.W.; Park, C.S.; Viehland, D.; Nahm, S.; Kang, D.H.; Bae, K.S.; Priya, S. Correlation 
between phase transitions and piezoelectric properties in lead-Free (K,Na,Li)Nb03-BaTi03 
ceramics. Jpn J Appl. Phys. 2008, 47, 8880-8883. 

66. Zhang, S.T.; Kounga, A.B.; Aulbach, E.; Granzow, T.; Jo, W.; Kleebe, H.J.; Rodel, J. Lead-free 
piezoceramics with giant strain in the system Bio.sNao.sTiOs-BaTiOs-Ko.sNao.sNbOs. I. Structure 
and room temperature properties. J. Appl. Phys. 2008, 103, 034107. 

67. Zhang, S.T.; Kounga, A.B.; Aulbach, E.; Jo, W.; Granzow, T.; Ehrenberg, H.; Rodel, J. Lead-free 
piezoceramics with giant strain in the system Bio.sNao.sTiOs-BaTiOs-Ko.sNao.sNbOs. II. 
Temperature dependent properties. J. Appl. Phys. 2008, 103, 034108. 

68. Takenaka, T.; Nagata, H.; Hiruma, Y.; Yoshii, Y.; Matumoto, K. Lead-free piezoelectric ceramics 
based on perovskite structure. J. Electroceram. 2007, 19, 259-265. 

69. Nagata, H.; Yoshida, M.; Makiuchi, Y.; Takenaka, T. Large piezoelectric constant and high curie 
temperature of lead-free piezoelectric ceramic ternary system based on bismuth sodium 
titanate-bismuth potassium titanate-barium titanate near the morphotropic phase boundary. Jpn. J. 
Appl. Phys. Pt. 1 2003, 42, 7401-7403. 

70. Wang, X.X.; Tang, X.G.; Chan, H.L.W. Electromechanical and ferroelectric properties of 
(Bii/ 2 Nai/2) Ti03-(Bii/ 2 Ki/ 2 ) Ti03-BaTi03 lead-free piezoelectric ceramics. Appl. Phys. Lett. 2004, 
85, 91-93. 

71. Yao, Z.H.; Liu, H.X.; Chen, L.; Cao, M.H. Morphotropic phase boundary and piezoelectric 
properties of (Bii/2Nai/2)i- x (Bii/2Ki/2) x Ti03-0.03(Nao.5Ko.5)Nb03 ferroelectric ceramics. Mater. 
Lett. 2009, 63, 547-550. 

72. Shvartsman, V.V.; Kleemann, W.; Haumont, R.; Kreisel, J. Large bulk polarization and regular 
domain structure in ceramic BiFe03. Appl. Phys. Lett. 2007, 90, 1721 15. 



Sensors 2010, 10 1953 
Appendix A 



Table A. 1. Summary some relevant properties of various lead- free materials. 
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- 


[66] 


(0.90)(Bi 1/2 Na 1/2 )TiO 3 - 


148 


700 (1 kHz) 


34 


35.9 


- 


- 


[70] 


0.05(Bi 1/2 K 1/2 ) TiO 3 -0.05BaTiO 3 
















0.852(Bii/ 2 Nai /2 ) Ti0 3 - 


191 


1,141 


33 


- 


- 


301 


[69] 


0.028BaTiO 3 -0.12(Bi 1/2 K 1/2 ) Ti0 3 




(1 kHz) 












0.88NBT-0.08KBT-0.02BT 


181 


- 


- 


- 


- 


300 


[68] 


(MPB) 
















0.78NBT-0.146KBT-0.074BT 


128 










300 


[68] 


(tetragonal) 
















(Bii/ 2 Nai/ 2 ) 0 .78 (Bii/ 2 Ki/ 2 ) 0 . 22 TiO 3 - 


167 




35.5 


27.6 


2.79 


340 


[71] 


0.03(Nao.5Ko. 5 ) Nb0 3 

















Values are measured under large driving signals. 
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